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The  o b j e c t  of t h i s  p r o j e c t  i s  t o  e v a l u a t e  the  o p t i c a l ,  e lec t r ica l  and 

m e t a l l u r g i c a l  p r o p e r t i e s  of  t h e  GaAs P a l loy .  Among e v a l u a t i o n s  of p a r t i c u l a r  x 1-x 

i n t e r e s t  + 0 4 6  a r e  t he  i n v e s t i g a t i o n  of t h e  c r y s t a l  s t r u c t u r e  and i t s  imper- 

f e c t i o n s  by  t h e  Kossel l i n e  technique and by  t h a t  of t h e  l a t t i c e  abso rp t ion  

s p e c t r s  a s  t h e  mole f r a c t i o n  of GaAs, x, v a r i e s  from 0 t o  1. 

Y n 4 h f s  q u a r t e r ,  w e  have extended our s tudy  i n t o  a l l o y  r eg ions  con ta in ing  

less than  30 percent  Pf 

feed rates of PC& 

reg ion .  Spec t r a  of two phonon combination bands were a l s o  taken;  ~ - 9 o u 2 d  t r a c e  

Wehave  developed a method t o  o b t a i n  c o n t r o l l a b l e  low 
/' 

vapor necessary  i n  t h e  process  of growing c rys t a l s  i n  t h i s  
3 

t h e  Gap-like band,down t o  t h e  5 percent  P a l l o y .  W e  were also a b l e  t o  detect 

two r e f l e c t i v i t y  maxima i n  t h e  gegion of 25p t o  bp,; t h e y  are loca ted  near  t h e  

R e s t s t r a h l e n  bands of pure GaP and GaAs r e spec t ive ly .  T h i s  does not  agree  w i t h  

our  prev ious  assumption, made without b e n e f i t  of s p e c t r a  from a l l o y s  i n  t h i s  

reg ion ,  t h a t  t he  R e s t s t r a h l e n  band s h i f t s  cont inuous ly  from GaP t o  GaAs. 
1 

1. CRYSTAL GROWTH 

I t  w a s  po in ted  out  i n  ou r  l a s t  r epor t2  t h a t  t he  c a l c u l a t e d  composition of 

the c rys t a l  d e v i a t e s  from t h e  measured va lue  by  a s  much as 15 percent  i n  com- 

p o s i t i o n  a t  t h e  low P end. Our con t ro l  was inadequate  because of t h e  e f f e c t  

sf d i f f u s i o n  of PC& vapor i n t o  t h e  system ( a t  O°C t h e  vapor p re s su re  of PC& 

is thwee t i m e s  h ighe r  than  t h a t  of AsC& 

flow r a t e s .  W e  have r e c e n t l y  mixed A&& w i t h  PC& i n  one of t h e  bubblers  t o  

lower t h e  vapor p re s su re  of PC& 

3 3 
a t  25OC) which i s  enhanced a t  low 

3 

3 3 
and have opera ted  a t  an adequate  flow r a t e ,  

3 



T h i s  method proved t o  be q u i t e  successfu l .  Table  I i s  a b r i e f  d e s c r i p t i o n  of 

t h e  l a s t  t w o  runs  made i n  t h i s  quar te r .  The c a l c u l a t e d  composition is based 

on the  assumption t h a t  t h e  p a r t i a l  vapor p re s su re  of FC& 

f r a c t i o n  of pC& 

wi th  y = 1). 

is  equal  t o  t h e  mole 3 
t i m e s  t h e  vapor pressure  of t he  pure m a t e r i a l  (Henry's l a w  3 

I1 e LATTICE ABSORPTION SPECTRA 

T h e  a l l o y  c rys t a l s  wi th  low P content  are expected t o  be of g r e a t  i n t e r e s t .  

The e f f e c t  of the  supe rpos i t i on  of  combination bands should be very c l e a r  i n  

t h e s e  samples due t o  t h e  fo l lowing  reasons: 

pure G a A s  i n  t h e  s p e c t r a l  range of  400 cm-' t o  800 c m  is  much lower than  

t h a t  of  Gap; (2 )  t h e  e f f e c t  of the Res t s t r ah len  band should be n e g l i g i b l e ;  

(3) there a r e  bands of pure GaP w e l l  s epa ra t ed  from t h o s e  of G a A s  a t  t h e  h ighe r  

(1) t h e  i n t e g r a t e d  absorp t ion  of 

-1 

frequency side. W e  should a l s o  be able  t o  d e t e c t  i f  indeed t h e  R e s t s t r a h l e n  

band s h i f t s  cont inuous ly  from GaP t o  GaAs, which would r e q u i r e  a rather sudden 

change i n  t h i s  reg ion  of t h e  a l loy .  
1 

A. Combination Band 

-1 
The abso rp t ion  c o e f f i c i e n t  versus wave number i n  t he  range of 400 c m  

ts 802 2;n cf s z ~ p l e s  Ne. 28 2nd Nos 29 are given i n  F igs .  1 and 2. The 

remarks are given a s  fo l lows:  

-1 

-1 -1 
1. The bands a t  575 c m  f o r  GaP and 525 c m  f o r  GaAs have merged 

-1 a t  530 c m - l  i n  sample No .  28 and 528 c m  

-1 

i n  sample No. 29. 

2. The new broad band a t  610 cm repor t ed  i n  ou r  prev ious  work2 has  

broadened and reduced i n  i n t e n s i t y  as t h e  P con ten t  i s  reduced. W e  b e l i e v e  

t h i s  broad band is  due t o  t h e  presence of P i n  t h e  a l l o y  as a minor i ty  

c o n s t i t u e n t .  
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3. The s p e c t r a  i n  t h e  range o f  400 c m - l  t o  600 c m - l  i s  s imi la r  t o  t h a t  

of pure GaAs; p a r t i c u l a r l y  so w i t h  sample No. 29. 

4. The Gap-like bands nea r  700 c m - l  have s h i f t e d  t o  710 c m - l  and 706.5 c m - l  

r e s p e c t i v e l y  i n  the  two samples and diminished f u r t h e r  i n  t h e  magnitude of ab- 

so rp t ion .  The f a c t  t h a t  w e  observed an absorp t ion  band n e a r  TOO c m  wi th  o n l y  

5.4 percent  P i n  t h e  a l l o y  undoubtedly demonstrates  a supe rpos i t i on  of combination 

bands of  pure m a t e r i a l s  i n  t h e  al loyed c rys ta l s .  

-1 

B. R e s t s t r a h l e n  Bands 

From t h e  r e f l e c t i v i t y  s p e c t r a  of samples N o .  28  and N o .  29, w e  f i n d  two 

maxima; one i s  loca ted  nea r  29p, t h e  o t h e r  nea r  36p. 

p o s i t i o n  where t he  R e s t s t r a h l e n  band of pure GaAs i s  loca ted .  W e  have a l s o  re- 

taken  t h e  spectra of sample No .  25 and pure GaAs w i t h  a minimum amount of s t r a y  

l i g h t .  I n  Fig.  3, w e  have shown t h e  r e f l e c t i v i t y  s p e c t r a  of var ious  samples 

( i n c l u d i n g  some of t h e  e a r l i e r  samples). 

f o r  samples N o .  28 and No.  29 are j u s t  p a r t  of t h e  cont inuous s h i f t  of t h e  GaP- 

l i k e  band beginning a t  26 .4~ .  

second peak i n  samples wi th  more than 30 percent  P. Th i s  i s  p a r t l y  due t o  t h e  

in s t rumen ta l  d i f f i c u l t y  of r e so lv ing  s m a l l  s i g n a l s  from t h e  n o i s e  and from s t r a y  

The l a t t e r  i s  about a t  t h e  

2 

I t  i s  c l e a r  t h a t  t h e  bands nea r  29p 

However, w e  were not  a b l e  t o  d e t e c t  a d i s t i n c t  

l i g h t  i n  t h i s  end of t h e  s p e c t r a .  I n  1939, O s w a l d ’  s t u d i e d  t h e  system InAs P 

and observed t h a t  t h e  R e s t s t r a h l e n  bands a r e  r a t h e r  i n s e n s i t i v e  t o  t h e  change 

of composi t ion i n  t he  range of 100-20 percent  P and t h a t  t h e y  a l l  bunched a t  t h e  

longe r  wavelength side of t h e  band of pure  InP  a t  3Op. But he d i d  no t  i n v e s t i -  

g a t e  f u r t h e r  beyond 35p, whi le  t he  Res t s t r ah len  band of InAs4 i s  a t  45p. 

x 1-x 

W e  have p l o t t e d  i n  Fig.  4, t h e  R e s t s t r a h l e n  frequency versus  composition. 

From o u r  da t a ,  i t  i s  reasonable  t o  assume t h a t  there are o p t i c a l  modes of 

phonons i n  t h e  a l loyed  c r y s t a l  corresponding t o  t h e  v i b r a t i o n s  of t h e  P and 

- 3 -  



As s u b l a t t i c e s  aga ins t  t h e  Ga s u b l a t t i c e .  For t h e  pure  m a t e r i a l ,  t h e  resonance 

peak corresponds t o  t h e  c r e a t i o n  of s i n g l e  o p t i c a l  phonons a t  k Z O  i n  r e c i p r o c a l  

space ;  t h e  v i b r a t i o n  mode is  thus  of very long wavelength and hence r e q u i r e s  

long range o r d e r  i n  t h e  c r y s t a l .  I n  t h e  a l l o y  c r y s t a l ,  such long range o r d e r  

i s  d e f i n i t e l y  l ack ing ;  t h e  ex i s t ence  of  s i m i l a r  resonances could be due t o  short 

range  o r d e r  i f  momentum conserva t ion  i n  t he  coupl ing  between phonon and photon 

can be relaxed.  

To test t h i s  idea ,  w e  assume the s h o r t  range  o r d e r  takes t h e  form of 

c l u s t e r s  of P or As a t  t h e  column V si tes i n  t h e  zincblende s t r u c t u r e  wi th  

a unique l a t t i c e  cons tan t .  

materials by in t roduc ing  a small  volume change t o  match t h e  observed l a t t i c e  

cons t an t  of t h e  a l l o y  and then  compute the  s h i f t  i n  the  frequency of t h e  

v i b r a t i o n  mode. W e  s h a l l  compare t h i s  w i t h  ou r  experimental  d a t a  given i n  

Fig.  4. 

W e  s h a l l  apply GrGneisen’s law5 t o  t h e  pure 

The Gr ine i sen  r e l a t i o n  g ives :  

K 
v v’ a = y - c  

y = - -/T. &k AV 

k 0) 

a is  t h e  volume expansion c o e f f i c i e n t ,  K i s  t h e  compress ib i l i t y ,  V t h e  

volume of one gram atom, C the  s p e c i f i c  hea t  pe r  gram atom a t  cons tan t  

volume, and w i s  an eigen-frequency of t h e  s o l i d .  

V 

k 
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-6 -1 -1 3 -1 
I n  t h e  c a s e  of a = 1 5 . 9 X l O  deg , V = 4.13 c m  gm , 

-1 -1 -2 
Cv = 0.124 cal-gm -deg 

c a l c u l a t e  t h a t  y = 0.97 and from Eq. (2) 

and K = 0.77X10-12 dyne-cm ; from Eq. (1) w e  

6 -6 -1 -1 3 -1 
I n  t h e  c a s e  of GaAs, a = l7.1X10 deg , V = 5.32 c m  gm , 

-1 -1 - 12 -2 Cv = 0.086 cal-gm -deg and K = 1.34X10 dyne-cm ; so t h a t  

and 

- .675 - hV = 2.02 Aa - --  - 
V a 02 

h”k 

k 03 (4) 

The dashed l i n e s  i n  Fig.  4 are p l o t s  of Eqs. (3) and (4) w i t h  

.,2Off > Aa 3 0, aol = 5.451 f o r  GaP and a 

exceeding:y 

= 5.65X for GaAs. The f i t  i s  02 

111 REMARKS 

The model descr ibed  above should a l s o  be adequate t o  e x p l a i n  t h e  combi- 

n a t i o n  band we have observed i n  these  a l l o y  c r y s t a l s ,  namely t h e  supe rpos i t i on  

of bands of t h e  pure m a t e r i a l s .  We s h a l i  s tudy  t h i s  f u r t h e r  i n  t h e  coming 

q u a r t e r .  W e  are a l s o  i n v e s t i g a t i n g  whether t h e  same experimental  r e s u l t s  

can  be  expla ined  by a model o t h e r  than t h a t  involv ing  c l u s t e r s  i n  t h e  a l l o y  

- 5 -  



c r y s t a l .  

11 A paper t i t l e d  L a t t i c e  Absorption i n  GaAs P S ing le  Crys ta l s"  w i l l  
x 1-x 

be given by us o r a l l y  a t  t h e  American Physical  Soc ie ty  Spring Meeting a t  

Kansas C i t y ,  Missouri on March 27, 1965. 
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TABLE I 

Free C a r r i e r  Absorption 

I 

Subs t r a t e  

( G a W  

Flow of 

I H2 

Run N o .  

Temperature 

Temp. Gradient C/cm 

Orient  at i on  

Angle Against Flow 

0 

By Pass cc/min 

Mixture (OOC) cc/min 

A S C ~ ~  (25Oc) cc/min 

Mole Frac t ion  of PC& i n  Mixture 
3 

Calculated Composition %p 

from Flow Rates 

Growth Time hrsJ thickness  !.J 

L a t t i c e  Constant s 

Composition %p 

I 
Energy Gap 

( a t  CY. = 10 c m  eV -1 
30OoK) 

lo. 28 

11 

;.25/45C 

5 617 

17.7 

1.57 

None 

NO. 29 

30 

11 

90 

0.1 

3 

6.5/450 

5.642 

5.4 
~ 

1.42 

None 
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FIGURE CAWIBNS 

a t  300°K. 

a t  300°K. 

0.946 'O.O'j4 

0.823 '0.177 

Fig .  1 L a t t i c e  absorp t ion  bands of GaAs 

F ig .  2 Lat t ice  abso rp t ion  bands of  G a A s  

F ig .  3 R e f l e c t i v i t y  s p e c t r a  of G a A s  P samples i n  r e s t s t r a h l e n  reg ion .  

F ig .  4 
x (1-x) 

R e s t s t r a h l e n  frequency versus  composition (width taken  10% o f f  peak).  
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